Abstract.-D-Amino acid oxidase has been identified within the granule fraction of human neutrophilic leukocytes. Leukocyte homogenates and purified kidney 1-amino acid oxidase can utilize either isolated D-amino acids or some species of bacteria as substrates for the generation of hydrogen peroxide. When linked to leukocyte myeloperoxidase in vitro, purified D-amino acid oxidase constitutes a system lethal for certain bacteria. It is proposed that leukocyte D-amino acid oxidase and myeloperoxidase constitute a biochemically specific system for the recognition and killing of certain microorganisms.
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Phagocytic leukocytes constitute a phylogenetically primitive system of resistance to microbial infection. Reduced to its simplest elements, this system must perform at least two integrated functions: the ingestion and the killing of microorganisms. The requirements for particle uptake by leukocytes are known in considerable detail." 2 The mechanisms of microbial killing are less well defined, although some weapons in the arsenal of the phagocytic leukocyte have been extensively studied.3' 4 A leukocyte microbicidal system consisting of the leukocyte enzyme myeloperoxidase, a halide, and hydrogen peroxide or a hydrogen peroxide-generating system has recently been described. 5 The hypothesis that this system plays a role in the normal defense function of the human neutrophilic leukocyte is supported by the observation of impaired microbicidal activity in leukocytes genetically deficient in myeloperoxidase6 or in postphagocytic hydrogen peroxide generation. 7' 8 Several considerations led us to predict the existence in leukocytes of a hydrogen peroxide-generating system linked to D-amino acid oxidase. D-Amino acids are an integral part of the cell walls of many bacterial species9 and have been found in the products of certain fungi, but have not been conclusively identified as a natural component of any mammalian tissues. Nevertheless, the activity of 1-amino acid oxidase is known to occur in certain mammalian tissues and to be abundant in the liver and kidney. This enzyme, in the presence of molecular oxygen and the appropriate D-amino acid, catalyzes the generation of a corresponding keto-acid and of hydrogen peroxide.
This communication reports the finding of D-amino acid oxidase in the granule fraction of mammalian neutrophils. The enzyme utilized intact microorganisms as a substrate for hydrogen peroxide generation and could be linked with human myeloperoxidase in vitro to constitute a potent microbicidal system. The substrate specificity of the D-amino acid oxidase activity of human leukocytes and of guinea pig granulocytes was investigated with the methods described by Dixon and Kleppe. 20 The leukocyte enzymes were not highly purified; thus, any differences in activity in assays with different D-amino acid substrates in the leukocyte system could reflect the presence of other enzymes as impurities, as well as differences in pH optima for different amino acids. With this limitation in mind, the activity of the human and guinea pig leukocyte preparations with different D-amino acids was as shown in Table 2 . D-Alanine, D-phenylalanine, and D-threonine were active substrates for the leukocyte enzyme. D-Valine, D-serine, and D-asparagine were poor substrates. The most notable difference between the leukocyte enzyme and the purified renal enzyme studied by Dixon and Kleppe2e was seen with D-threonine. The white cell enzyme showed more activity with this amino acid than with D-alanine, whereas D-threonine was a poor substrate for the purified enzyme from hog kidney.
DL-2-Hydroxybutyrate (0.01 M) was inhibitory both with the highly purified renal enzyme (91% inhibition) and the leukocyte crude enzyme (70%). Potassium cyanide (10-3 M) had no inhibitory effect.
Magnesium and manganese ions in concentrations of 10-4 to 10-2 M had no effect on the D-amino acid oxidase activity of leukocyte homogenates. The enzyme activity showed a broad optimum between pH 7.5 and 8.5 with D-alanine as substrate at saturating concentrations. In this pH range, the homogenates showed equal activity in Tris, pyrophosphate, and phosphate buffers.
The activity of homogenates of guinea pig granulocytes was compared with that of homogenates of other tissues (Table 3 ). In other mammalian species, (Table 3) . Further purification could be achieved by precipitation with 50 per cent acetone at -15'C (approximate fourfold purification with a yield of 20-30%), followed by chromatography on Sephadex G-100 columns (approximate 20-fold purification with a yield of 10%). Unfortunately, the limited amount of starting material precluded further purification steps. Activity with microorganisms: If D-amino acid oxidase activity is involved in hydrogen peroxide generation after phagocytosis of microorganisms, then the ability of the enzyme to interact with the D-amino acids of the ingested bacteria is critical. A fraction of the D-amino acids in the cell wall of the bacteria is not in polypeptide linkage and might be available to the enzyme. To examine this question, several species of bacteria were grown overnight, washed free of culture medium, and resuspended in pyrophosphate buffer at various concentrations (usually with a protein content of 0.5-2 mg/ml). The organisms were then either kept on ice until assayed as substrate for D-amino acid oxidase or heat-killed at 60'C for 30 minutes. Neither the living nor the heatkilled organisms in buffer containing FAD utilized oxygen during the period of equilibration at 370C. The addition of leukocyte homogenates or of purified kidney enzyme increased the consumption of oxygen ( Table 4 ). The addition Table 5 . It is apparent that for maximal microbicidal activity the system required all three major constituents: D-amino acid oxidase, myeloperoxidase, and the halide. Crude or partially purified leukocyte homogenates could not be tested in such a system because they contain myeloperoxidase and certain cationic proteins lethal for microorganisms.4 Discussion.-Peroxidase enzymes are found widely distributed in nature, from protozoa to higher mammals.22' 23 Three mammalian peroxidases-lactoper- Each of the three mammalian peroxidases requires a halide and a hydrogen peroxide-generating system for maximal antimicrobial activity in vitro. Hydrogen peroxide is known to be produced by neutrophils after particle ingestion.24 The mechanism of generation, however, is not well defined. We suggest that D-amino acid oxidase may serve as one of the sources of production. A significant fraction of the D-amino acids in the teichoic acid portion of the bacterial cell wall is not in peptide linkage. Amine groups of these D-amino acids are titratable with 1-fluoro-2,4-dinitrobenzene9 and presumably would be vulnerable to attack by the oxidase. There are undoubtedly additional sources of hydrogen peroxide within the phagocytic leukocyte since this compound is also generated after ingestion of inert polystyrene particles.
Our data indicate that the granule fraction of the normal mature human granulocyte is the principal source of leukocyte D-amino acid oxidase activity.
Our preliminary results suggest that the enzyme is similar in its major characteristics to the D-amino acid oxidase that has been crystallized from mammalian kidney.25
The D-amino acid oxidase of phagocytic leukocytes could provide a biochemically specific system for the recognition of the "foreignness" of phagocytized microorganisms. Such a system for the generation of hydrogen peroxide, keyed to the recognition of the D-amino acids of microorganisms and linked to the abundant myeloperoxidase of the neutrophilic granulocyte, might constitute a potent antimicrobial system. Our data indicate that in fact D-amino acid oxidase appropriately linked to myeloperoxidase does form a system lethal for certain bacteria. The elucidation of this system may explain, in part, why microbial killing is impaired under anaerobic conditions.26
Both myeloperoxidase and leukocyte D-amino acid oxidase are granule enzymes and have pH optima near neutrality. Certain evidence indicates that peroxidatic enzymes and D-amino acid oxidase may be segregated into a specific class of granules distinct from those that contain the acid hydrolases.'7 Baudhuin and collaborators,28 employing differential centrifugation techniques, have established the existence in rat liver of a distinct group of cytoplasmic particles containing the enzymes D-amino acid oxidase, urate oxidase, and catalase. These particles, termed microbodies or peroxisomes, have not yet been identified in granulocytes.
We propose the following sequence of events in the interaction of mature neutrophils and certain microorganisms: (1) particle is ingested and vacuole forms; (2) lysosomal enzymes enter vacuole; (3) D-amino acid oxidase and Damino acids --H202; (4) myeloperoxidase + halide ion + H202 O, killing; (5) pH falls and acid hydrolases are activated; (6) particle is digested. In the presence of serum factors, including specific opsonins and complement and an intact leukocyte glycolytic pathway,'-3 microorganisms are ingested and isolated within a phagocytic vacuole. Within seconds or minutes after its formation, leukocyte granules discharge their contents into the vacuole. Whether peroxisomes and granules containing acid hydrolases rupture simultaneously is not certain, but presumably the enzymes effective at neutral pH act first. Thus, D-amino acid oxidase may produce hydrogen peroxide directly after rupture of the granules and exposure of the leukocyte enzyme to the bacterial D-amino acids. The hydrogen peroxide so produced constitutes the oxidant substrate for myeloperoxidase (also active at neutrality) to activate chloride ions present within the vacuoles. The system thus generated is lethal for at least those strains of bacteria studied here. Subsequently, intracellular pH falls, possibly as a result of an increased rate of leukocyte glycolysis.' The stage is then set for the activity of lysosomal acid hydrolases, whose primary function may be degradation of the ingested and killed microorganisms.
